We have observed the direct L 2;3 MMM double Auger transition after photoionization of the 2p shell of argon by angle-resolved electron-electron coincidence spectroscopy. The process is responsible for about 20% of the observed Auger electron intensity. In contrast to the normal Auger lines, the spectra in double Auger decay show a continuous intensity distribution. The energy and angular distributions of the emitted electrons allow one to obtain information on the electron correlations giving rise to the double Auger process as well as the symmetry of the associated two-electron continuum state.
An Auger process is the nonradiative rearrangement of the electronic structure of matter following an innershell vacancy production. Usually it leads to filling the vacancy in association with the emission of one of the outer electrons. The Auger process is studied in a wide range of basic and applied research fields from atomic physics to materials science [1] . Applied research uses Auger electron spectroscopy as a tool, because the emitted electrons have characteristic energies which are element specific. The latter is due to the fact that both the initial state (the innershell vacancy) as well as the final state with the vacancies in the outer shells have discrete energies. However, this is true only if one single electron was emitted in each Auger decay step. If two Auger electrons were emitted simultaneously, only the total kinetic energy is fixed, but the emitted electrons may share this energy arbitrarily. This direct double Auger decay involves electron correlations to a higher degree than the normal Auger process, since in the independent electron model (with frozen orbitals) emission of two electrons is forbidden. Therefore it is usually assumed to be a weak process. Because of the fact that it has to be described by a correlated two-electron wave function in the continuum, its study is both challenging as well as interesting from a fundamental point of view, particularly regarding the comparison with double photoionization (DPI) which is much better understood in its various details [2] .
Measurements of double Auger decay started in the 1960s. The first evidence for double Auger electron ejection was found in Ne ion yield measurements, showing a sizable amount of triply charged final states [3] . Studies of the Auger electron spectra in Ar followed [4] , where an Auger electron continuum was measured which was suggested to result from the double Auger process. In order to overcome the difficulty of discriminating this continuum from other sources, particularly from background electrons, coincidence studies are required. Ion-electron coincidence measurements initiated by Krause et al. [5] were performed in several laboratories [6 -8] as a necessary step in order to corroborate the findings of Carlson and Krause and to further investigate the role of the double Auger decay in Auger cascades [9] . Only measurements detecting the two electrons in coincidence could identify whether the direct double Auger process is indeed the dominant decay mechanism leading to triply ionized final states. The measurement of Hindi et al. [10] utilized the electron capture process to create a K-shell vacancy in argon. Using retarding field analyzers, they were able to confirm the double Auger process, but could make -due to the limited energy resolution -only rough estimates on the branching ratios and the corresponding energy distribution.
In this Letter, we present first angle-resolved electronelectron coincidence measurements of the direct double Auger process in Ar induced by photoionization. Our measurements were performed at BESSY (beam line UE56/2 PGM-1) and HASYLAB (beam line BW3-SX700). The experimental setup is sketched in Fig. 1 . Monochromatic synchrotron radiation crosses an effusive beam of Ar gas (99:999% purity). Electrons produced in the interaction region are analyzed using the angleresolved time-of-flight technique [11] . A combination of six active analyzers mounted in the plane perpendicular to the incoming photon beam acquires both noncoincidence as well as coincidence spectra for all combinations of the detector pairs simultaneously. Two types of analyzers with different drift-tube lengths (450 and 150 mm) were used, resulting in the relative energy resolution of 1%-2% and 3%-6%, respectively. The transmission of the analyzers was determined using Ne calibration spectra covering the energy region of interest and normalizing the Ne 2p and 2s lines with the known cross sections and angular distributions [12] . Very similar results were obtained using a set of electron spectra of the Ar 2p photoelectron line [13] and the corresponding Ar LMM Auger lines. The photon energy was calibrated using the literature values [14] for the Ar 2p inner shell resonances. The photon bandpass was determined to be 200 meV, which allows one to resolve the fine structure of the Ar 2p photoelectron lines. After the data collection, all spectra were converted from the time to the energy coordinate and corrected for transmission effects. In the case of the coincidence spectra, random coincidences were subtracted via an algorithm using the corresponding noncoincident spectra.
An overview of the main experimental results, obtained by summing up the coincidence spectra of all angle combinations, is given in the central panel of Fig. 2 . The side panels show two representative noncoincidence spectra. As expected, the normal Auger process is dominant and produces Ar 2 states seen as two rather strong structures located at the upper left and lower right corners of the coincidence map. Because of energy conservation, all triply charged states have to be located in a triangular region where the total kinetic energies are lower than those associated with the Ar 2 states. The double Auger continuum is observed as diagonal stripes in which the sum of the kinetic energies of the Auger electrons is constant. At least three different diagonal stripes are visible due to different electron excitations in the final state. Based on energy considerations, we attribute these stripes to the 3p ÿ3 and two groups of 3s ÿ1 3p ÿ2 excitations. Our energy resolution is not sufficient to resolve different final state multiplets. Further features in the map are the horizontal and vertical lines extending to zero kinetic energy which are due to coincidences between the Ar 2p photoelectron and one of the double Auger electrons.
For quantitative results on the branching ratio, we integrate the coincidence intensity along the diagonals, where the sum of the electron kinetic energies is constant. The corresponding representation (Fig. 3) shows the contribution of the doubly and triply charged final states. Taking into account the continuous intensity which is due to photoelectron-double-Auger coincidences, we obtain a branching ratio of 132% for the decay into triply charged states. This value is in full agreement with the ion results [6, 8] corroborating the interpretation of the coincidence spectrum from Fig. 2 as being equivalent to the angle integrated measurement despite the fact that our detectors cover only a fraction of the full solid angle.
The coincident registration of electrons allows us to select groups of 
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VOLUME 92, NUMBER 8 083001-2 083001-2 intensities with respect to the energy sharing of the two electrons. Figure 4 shows the result for three selected groups. In all cases, we observe a broad intensity continuum which is rising towards lower kinetic energies. This indicates that the two electrons favor an asymmetric energy sharing, in essential agreement with theoretical calculations [16] . Additionally, we observe discrete line structures in the low kinetic energy area which is superimposed on the direct double Auger continuum, especially for the Ar 3p ÿ3 states. This is a clear signature of cascade processes competing with the direct double Auger for the creation of the Ar 3p ÿ3 final states which could not be observed previously. For the two groups of Ar 3s ÿ1 3p ÿ2 states, these structures are less prominent. In total, the cascade processes have a branching ratio of 264% for the Ar 3 final states. Summarizing the spectroscopic findings of our work, we conclude that for impact of 270 eV photons direct double Auger is the dominant decay mechanism for the creation of triply charged ions. With respect to the total Auger electron yield, it is responsible for about 20% of the intensity, due to the fact that two Auger electrons are emitted for each Ar 3 ion produced. Furthermore, we can clearly identify an additional contribution of cascade processes which in the first step undergo a transition to a highly excited intermediate Ar 2 state before decaying further in a second step. These intermediate states require a configuration with three holes and an excited electron. As the Rydberg states of this excited electron will progress towards a triply charged final state, only a transition to Ar 3 states of lower binding energy is possible. This explains our observation of a progressively smaller cascade probability for the more tightly bound states.
With our experimental arrangement, we were able to study the angular correlations between the two emitted electrons in the double Auger process. The coincidence yield for each detector combination (i.e., various mutual angles ab ) was first separated into the resolved final state groups, then binned into suitably chosen kinetic energy intervals to improve the statistical accuracy. For the case of Ar 3p ÿ3 states, the corresponding angular correlation patterns are displayed in Fig. 5 for four energy-sharing conditions, with the almost equal sharing case to the right, and progressively more unequal sharing cases to the left.
Since the symmetry structure of the electron wave function associated with a particular ionic state is more complex than for the He DPI case where only the 1 P o term of the two-electron continuum contributes, one could expect a big difference between the angular correlations in Ar double Auger and in He DPI, respectively [17, 18] . To enable their qualitative comparison, the measured distributions and the simulations of the He triple differential cross sections (TDCS) are shown in Fig. 5 for the same kinematical conditions. The full line is obtained by using the parametrization model for the helium amplitudes [19] and an empirical interpolation of its parameters based on fitting all available He TDCS data at different kinematical conditions. The simulated curve is given for unpolarized light as the present measurements on Ar with circularly polarized light showed no significant dichroism effects. According to our analysis [17] , double electron continuum states contributing to the angular patterns of Fig. 5 fall into two broad classes: (i) those which have a node at ab 180 ( 1;3 P e and 1;3 F e ); (ii) those which have no node at that angle ( 1;3 S e and 1;3 D e ) and whose angular correlation pattern is mainly determined by Coulomb repulsion of the two electrons. Such patterns are usually approximated by a Gaussian distribution (for the He DPI case, see [2] ). The broken line in Fig. 5 shows a maximal contribution of the Gaussian-like distributions to the nodal angular pattern, showing that the 1;3 P e and 1;3 F e symmetries strongly dominate over the 1;3 S e and the 1;3 D e . Another observed departure between our measurement and the He simulation concerns the most asymmetric energy-sharing case, where in the region of small mutual angles the Coulomb-repulsion assisted minimum in He is washed out. Besides the dynamical reasons for such a behavior, there may be a contamination of the measured yield by contributions which result in uncorrelated electrons. A closer inspection of the corresponding trace in Fig. 4 shows indeed a sudden rise of the yield below 30 eV, favoring the latter assumption. Because of the strong contribution of cascade processes, it was not possible to measure the angular correlations for the strongly asymmetric case (E a E b ), where theory predicts an almost forward-backward symmetrical distribution [16] .
This strikingly close similarity between the TDCS shapes in the Ar double Auger decay to the unresolved group of the (3p ÿ3 ) states and the He DPI is entirely unexpected, concerning both the pattern at near-equal energies and its evolution with energy sharing. Further theoretical investigation should elucidate whether this similarity is a pure coincidence or rather the manifestation of a more fundamental relationship.
In conclusion, we have used electron coincidence spectroscopy to unambiguously identify direct double Auger decay as the main rearrangement process after Ar 2p innershell ionization leading to the formation of Ar 3 ions. The achieved experimental accuracy and resolution enabled us to gain a further insight into this three-body Coulomb process by studying the angular correlation patterns of the double Auger continuum. Despite the complexity of the symmetries of the two-electron wave functions involved, close similarities to the much simpler case of He double photoionization were observed.
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